ABSTRACT: Gold nanoparticles (AuNPs) demonstrate great promise in biomedical applications due to their plasmonically enhanced imaging properties. When in close proximity, AuNPs plasmonic fields couple together, increasing their scattering crosssection due to the formation of hot spots, improving their imaging utility. In the present study, we modified the AuNPs surface with different peptides to target the nucleus and/or the cell as a whole, resulting in similar cellular uptake but different scattering intensities. Nuclear-targeted AuNPs showed the greatest scattering due to the formation of denser nanoparticle clusters (i.e., increased localization). We also obtained a dynamic profile of AuNP localization in living cells, indicating that nuclear localization is directly related to the number of nuclear-targeting peptides on the AuNP surface. Increased localization led to increased plasmonic field coupling, resulting in significantly higher scattering intensity. Thus, biochemical targeting of plasmonic nanoparticles to subcellular components is expected to lead to more resolved imaging of cellular processes.
I
n recent years, the use of nanoparticles in the biomedical field has increased greatly due to their small size and unique physical, optical, and chemical properties. 1−4 In particular, gold and silver metallic nanoparticles have been extensively studied due to their unique interaction with electromagnetic radiation, owing to their characteristic localized surface plasmon resonance (LSPR). 5−8 The LSPR arises from the coherent oscillation of conduction band electrons, in resonance with the incident light of a particular frequency, which depends on the dielectric function of the metal, that of the medium, as well as the size, shape, and composition of the nanoparticle. 5, 9 The LSPR results in a remarkably strong enhancement of the electromagnetic field localized at the nanoparticle surface, which is utilized in surface-enhanced spectroscopy 10 and solar energy applications. 11−13 Additionally, the enhanced electric field (plasmonic field) of one nanoparticle can interact with that of an adjacent nanoparticle in close proximity, resulting in plasmon coupling. 14−17 The interparticle coupling leads to an intense enhancement of the plasmonic field relative to that of a single nanoparticle. 17, 18 The LSPR of the coupled nanoparticles is red-shifted to longer wavelengths from the LSPR of a single nanoparticle, with a magnitude that depends on the proximity of the nanoparticles. Thus, the plasmon shift gives a measure of the distance between nanoparticles. 14, 15, 19, 20 Gold nanoparticles (AuNPs) in particular have been increasingly utilized in a variety of biomedical fields, such as cellular imaging, 21 drug delivery, 22 and photothermal cancer therapy, 23 due not only to their plasmonic properties, but also to their relatively low toxicity and facile surface chemistry. 2 For many of these biomedical applications, gold nanoparticles often need to be delivered intracellularly, and their nanoscale size allows AuNPs to be internalized by various types of cells through several endocytic processes. 24−26 This can be achieved by chemical modification of the AuNP surface with targeting ligands, such as the cancer cell membrane targeting peptide (RGD), to selectively deliver AuNPs into cancer cells through receptor-mediated endocytosis. 24, 27, 28 Also, chemical modification with a nuclear localization sequence (NLS) peptide can selectively deliver AuNPs to the cell nucleus. 25,29−32 Once AuNPs are internalized by cells, they are transported through subcellular vesicles and may accumulate in endosomes or lysosomes near the nucleus. During intracellular transport and localization, nanoparticles accumulate in subcellular components at different concentrations, which may depend on the size, shape, and most importantly, the surface chemistry of the nanoparticle. Therefore, understanding the localization of nanoparticles is critical to understanding their fundamental interactions within cells and improving their design for biomedical applications. To this end, the accumulation of AuNPs in endosomes and lysosomes has been observed by cryo-TEM, 33, 34 but the direct observation of the dynamics of nanoparticle localization in living cells still remains a challenge. Our group has previously observed the cellular uptake of gold nanoparticles by live-cell plasmonically enhanced Rayleigh scattering imaging techniques, which take advantage of the subcellular localization of AuNPs, resulting in the enhancement of AuNP Rayleigh scattering, 35−38 but the dynamics of this AuNP localization remains unknown.
In the present work, we have built a novel instrument and studied the cellular uptake and subcellular localization of AuNPs within living cells, in real-time, via single-cell plasmonically-enhanced Rayleigh-scattering imaging spectroscopy (PER-SIS). This approach takes advantage of the characteristic optical properties of plasmonic AuNPs, namely, their ability to strongly scatter light, and the coupling of their plasmonic fields when particles come into close proximity. By monitoring the enhanced Rayleigh (elastic) scattering of different surfacemodified AuNPs, the subcellular localization dynamics can be studied in real time. We have shown that the localization of AuNPs is dependent on the specific surface modification of the nanoparticles. Varying the amounts of the RGD and NLS peptides on the AuNP surface did not lead to a significant difference in the number of AuNPs internalized by the cancer cells, but large differences in the scattering intensity were observed due to the different surface modifications causing changes in AuNP localization within cells. Targeting AuNPs to the nucleus of cells increased the level of aggregation, leading to an increase in the total light scattered and a redshift to longer wavelengths, indicating enhanced coupling of the plasmonic fields due to decreased interparticle separation. Increasing the amount of NLS also caused the AuNPs to localize more rapidly, indicating that nuclear-targeted AuNPs may be more effective as imaging agents for biomedical applications, due to their greater light scattering ability and faster subcellular localization. This suggests that targeting subcellular components leads to greater localization, which offers an effective method of enhanced imaging using plasmonic nanoparticles.
Synthesis of AuNPs with Dif ferent Biochemical Surface
Properties. For these studies, spherical AuNPs, approximately 30 nm in diameter, were synthesized by the citrate reduction method ( Figure S1 , Supporting Information). 39 The citratecapped AuNPs were stabilized with polyethylene glycol thiol (mPEG-SH 5k ) to prevent nonspecific interactions under physiological conditions. 28 The PEG-AuNPs were then modified with RGD (arginine−glycine−aspartic acid) and NLS (nuclear localization signal) peptides. The RGD peptide allows for receptor-mediated endocytosis of AuNPs by targeting αvβ6 integrins, which are overexpressed on the surface of human oral squamous carcinoma (HSC-3) cells. 28 The NLS peptide has a characteristic KKKRK (lysine−lysine− lysine−arginine−lysine) sequence, which binds importins in the cytoplasm of the cell, allowing for translocation of AuNPs to the nucleus. 25, 29, 30 Peptide conjugation was utilized to design three different surface-modified AuNPs: RGD-AuNPs, RGD 1 / NLS 1 -AuNPs having equal amounts of RGD and NLS peptides, and RGD 1 /NLS 10 -AuNPs with RGD 1 /NLS 10 -AuNPs containing 10 times the NLS content of RGD 1 /NLS 1 -AuNPs. Previous work has shown that both RGD and NLS peptides indeed promote cellular uptake and localization of AuNPs at the nucleus, respectively. 38, 40, 41 PERSIS Design and Technique. Since the endocytosis of AuNPs results in specific subcellular localization, we can observe the plasmonic coupling of single particles as they are internalized and come in proximity with other AuNPs. 42, 43 As represented by Scheme 1A, the degree of AuNP localization within cells can vary. At the early stages of cellular uptake, the nanoparticles bind to receptors on the cell surface and are internalized into the cytoplasm to form small clusters of particles. 44 This results in a redshift in the surface plasmon band from the single nanoparticle wavelength (538 nm) to longer wavelengths (641 nm), due to coupling of the plasmonic fields between AuNPs as they localize and aggregate. 44, 45 Subsequently, the AuNPs begin to form larger clusters as they accumulate in the endosomes or lysosomes and localize at the perinuclear region, 43, 44 causing a further shift in the plasmon band to even longer wavelengths (745 nm). 46 By monitoring the coupling of the plasmon bands, observed as a redshift in the LSPR, the dynamics of nanoparticle uptake and localization in single living cells can be followed in real time with our singlecell plasmon-enhanced Rayleigh scattering imaging spectroscopy (PERSIS) technique. Shown in Scheme 1B, our PERSIS system is composed of a homemade live cell incubator, a spectrometer to collect Rayleigh scattering spectra, and a darkfield microscope with an attached CCD camera to record the Rayleigh scattering images. This allows for the real-time monitoring of AuNP uptake and localization in living cells, by analyzing the scattering intensity in dark-field images and the plasmon band redshift of the Rayleigh scattering spectra over time.
Localization Kinetics Using Plasmonically-Enhanced Rayleigh Scattering. To ensure that changes in the observed scattering intensity were due to AuNP uptake (and not influenced by cell death), a treatment concentration of 0.4 nM AuNP in culture media was chosen for these studies. After 24 h, the viability of treated cells was measured using an XTT cell viability assay, and no significant cell death was observed from the three AuNP designs studied ( Figure S3 ). Due to the αβ integrin targeting ability of RGD, all three AuNP samples studied also demonstrated similar levels of overall uptake (∼30%, Figure  S4 ). However, the intracellular localization of the different AuNPs varied based on the AuNP surface modification. As suggested by the live-cell Rayleigh-scattering dark field images in Figure 1 , the AuNPs containing NLS peptide ( Figure 1B,C) show higher AuNP localization at the nucleus compared to AuNPs without NLS ( Figure 1A) . Additionally, an increase in NLS peptide content (RGD 1 /NLS 10 -AuNPs) results in a more rapid localization rate of AuNPs at the nucleus ( Figure 1C ).
From these Rayleigh scattering dark-field images, our PERSIS technique allows us to obtain Rayleigh scattering spectra of AuNPs in living cells. Accordingly, spectra were collected for the various AuNPs tested over a 24 h period as shown in Figure 2 . The entire spectrum obtained at each time point was integrated to give the total scattering intensity for each different surface modified AuNP, and is shown in Figure 3 . From these integrated scattering intensities, we calculated a scattering half-time (see Supporting Information) for each different surface-modified AuNP to estimate the rate at which the AuNPs localize within cells. RGD-AuNPs were found to have a scattering half-time of 11.4 h, while RGD 1 /NLS 1 -AuNPs exhibited a faster scattering half-time of 6.7 h. RGD 1 /NLS 10 -AuNPs had the fastest scattering half-time of just 2.9 h. In addition to the faster half-time, indicating more rapid AuNP localization within cells, the RGD 1 /NLS 10 -AuNPs exhibit a significantly higher overall scattering intensity after 24 h, compared to that of RGD-AuNPs and RGD 1 /NLS 1 -AuNPs. This indicates that higher concentrations of NLS on the AuNP surface leads to an increased concentration of localized AuNPs at the perinuclear region, as evidenced by their more rapid increase in scattering, greater scattering intensity, and greater interparticle coupling of the plasmonic fields (i.e., greater intensity of the red-shifted plasmon peaks).
AuNP Localization Dynamics. The overall scattering spectrum shown in Figure 3 not only describes the total amount of light scattered by the different AuNPs in cells over time, but it can also provide a detailed dynamic profile of AuNP aggregation and localization. This subcellular localization results in the formation of AuNP clusters with smaller interparticle separations, leading to stronger coupling of their plasmonic fields and therefore, large red-shifted plasmon peaks. Thus, the total scattering spectrum obtained was fit to multiple Gaussians, allowing its deconvolution into three components: (1) AuNP monomers indicated by the plasmon band at 538 nm, (2) small AuNP clusters (with higher local concentrations of AuNPs, relative to AuNP monomers, which do not have interacting plasmonic fields), having a plasmon band at 641 nm, and (3) larger clusters of AuNPs (with the highest local AuNP concentration, indicating even greater coupling between the plasmonic fields of AuNPs in close proximity) give scattering at the longest wavelength of the 745 nm plasmon band (all are denoted with the dashed lines in Figure 2 ). Although the spectrum for each different AuNP contains these three components, the bands vary significantly based on the AuNP surface modification, indicating varying degrees of localization (i.e., different local concentrations of AuNPs within cells). In order to compare these bands for the different surface modified AuNPs and obtain detailed information on their degree of localization, the small (641 nm) and large (745 nm) AuNP cluster bands were integrated to give their total scattering intensities, as shown in Figure 4A ,B, respectively. From these integrated scattering intensities, we again calculated a scattering half-time (see Supporting Information) for each different surface modified AuNP tested, to give a measure of how quickly the different AuNPs with different surface biochemical capping become localized.
During the formation of smaller AuNP clusters ( Figure 4A ), RGD-AuNPs and RGD 1 /NLS 1 -AuNPs showed similar scattering intensities after 24 h. However, RGD 1 /NLS 1 -AuNPs had a shorter small cluster half-time of 5.4 h, compared to 6.4 h for the AuNPs without the NLS peptide. The RGD 1 /NLS 10 -AuNPs were found to have the shortest small cluster half-time of 2.7 h, while showing a scattering intensity almost twice as large as that of the small cluster. This suggests that the increased amount of NLS peptides enhanced the rate of formation of small AuNP clusters at the perinuclear region. During the formation of the larger AuNP clusters ( Figure  4B ), NLS-modified particles (RGD 1 /NLS 10 -AuNPs and RGD 1 / NLS 1 -AuNPs) showed similar scattering intensities after 24 h. However, the AuNPs containing more NLS peptides (RGD 1 / NLS 10 -AuNPs) exhibited a shorter large cluster half-time of 3.3 h, compared to the 7.4 h for AuNPs containing less NLS peptide. Again, we attribute the shorter half-time to the increase in NLS peptides on the AuNP surface, enhancing the rate of nanoparticle localization at the nucleus or the nuclear membrane. The RGD-AuNPs were found to have the longest large cluster half-time of 8.1 h, while demonstrating a large aggregate scattering intensity almost five times smaller than the AuNPs bound to the NLS peptides. These results suggest that nuclear-targeted AuNPs tend to form more dense clusters having larger scattering cross sections, as they are bound to the small perinuclear region, than those not targeted to subcellular regions.
In conclusion, we have developed an instrument and demonstrated its use of PERSIS to monitor the uptake and localization dynamics of plasmonic AuNPs with different capping materials. The AuNPs surface modification greatly affected their localization and led to decreased interparticle separation between AuNPs, causing great enhancement of the scattered light and a red-shift in their observed plasmonic spectral peak to longer wavelengths. Nuclear-targeted AuNPs, directed to the smaller volume of the nucleus, were found to localize more rapidly than those not targeted to the nucleus of the cancer cells. This also leads to the formation of more dense clusters having more hot spots between the nanoparticles. Hot spots are known to have much more enhanced plasmonic fields leading to stronger scattering and thus better imaging of the region targeted by the nanoparticles. Increasing the concentration of the NLS peptides on the AuNP surface increased the localization rate and the concentration of the plasmonic nanoparticles at the NLS target in the cell. It is clear that this technique is not limited to studying the nuclear region. Various peptides are known to target different cellular components and the addition of a terminal thiol group would make it possible to conjugate the AuNPs for enhanced imaging at the selected location in the cell.
As a final point, the scattering enhancement due to AuNP localization is a result of overlap between the nanoparticles plasmonic fields. This does not necessarily require strong chemical bonding between the capping materials on individual nanoparticles. To investigate this, cells were grown overnight, incubated with AuNPs for 24 h, washed, and finally, lysed to release the internalized AuNPs. The spectra of lysed AuNPs matched those of the initial AuNP monomers in water (data not shown), indicating that strong chemical aggregation of the nanoparticles did not occur upon targeting them to the nucleus. This is consistent with the fact that the thickness of the capping material is only ∼8 nm while the plasmonic field of the 30 nm AuNP decays over a ∼30 nm distance, allowing for their strong plasmonic field overlap away from the surface of each particle.
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